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Stimulation of B-cell antigen receptor (BCR) induces
a rapid increase in cytoplasmic free calcium due to its
release from intracellular stores and influx from the
extracellular environment. Inositol 1,4,5-trisphosphate
receptors (IP;Rs) are ligand-gated channels that release
intracellular calcium stores in response to the second
messenger, inositol 1,4,5-trisphosphate. Most hemato-
poietic cells, including B cells, express at least two of
the three different types of IP;R. We demonstrate here
that B cells in which a single type of IRR has been
deleted still mobilize calcium in response to BCR
stimulation, whereas this calcium mobilization is abrog-
ated in B cells lacking all three types of IRR. Calcium
mobilization by a transfected G protein-coupled recep-
tor (muscarinic M1 receptor) was also abolished in
only triple-deficient cells. Capacitative C&* entry,
stimulated by thapsigargin, remains unaffected by loss
of all three types of IP;R. These data establish that
IP;Rs are essential and functionally redundant medi-
ators for both BCR- and muscarinic receptor-induced
calcium mobilization, but not for thapsigargin-induced
Ca?* influx. We further show that the BCR-induced
apoptosis is significantly inhibited by loss of all three
types of IP;R, suggesting an important role for C&*
in the process of apoptosis.

Keywords apoptosis/B-cell antigen receptor/calcium
mobilization/inositol 1,4,5-trisphosphate receptor/
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Introduction
Stimulating the B-cell antigen receptor (BCR) initiates a

tion in response to BCR cross-linking, whereas immature
B lymphocytes die by an apoptotic process.

BCR-induced tyrosine phosphorylation of phospho-
lipase C (PLC)2, which is mediated by Syk and Bk,
is responsible for its increased activity, allowing the
conversion of phosphatidylinositol 4,5-bisphosphate into
the second messenger inositol 1,4,5-trisphosphatg (IP
and diacylglycerol (DAG) (Rigleyet al, 1989; Takata
et al, 1994; Takata and Kurosaki, 1996). DAG activates
protein kinase C (PKC) (Nishizuka, 1988), and; IR
thought to cause Ca release from intracellular stores
after binding to its receptor.

Several DNA-binding proteins, notably NéB, AP-1
and CREB, are induced after B-cell activation (Chiles
et al, 1991; Liuet al,, 1991; Rooneet al, 1991; Chiles
and Rothstein, 1992; Lalmanach-Giraetlal, 1993; Xie
et al, 1993). These factors are induced by cross-linking
of BCR or by treatment with phorbol ester (PMA) alone,
suggesting that they are activated via the PKC pathway.
However, PMA alone is not sufficient to trigger B-cell
activation, which requires an additional calcium signal.
One of the DNA-binding proteins which is regulated via
the calcium signal is NF-AT. NF-AT is composed of at
least two components (Flangaat al., 1991): a nuclear
component (NF-ATn) that is synthesizedk novoin
response to PKC or Ras activation, and a pre-existing
cytoplasmic subunit (NF-ATp, NF-ATc, NF-AT3, NF-
AT4/x) that is translocated to the nucleus (Boeteal,
1993; Castigliet al, 1993; Jainet al, 1993; Northrop
et al, 1993, 1994; Hoeyet al, 1995; Masudaet al,
1995). Strong evidence suggests that the effect of increased
[Ca®™]; on NF-ATc translocation is mediated by the
action of the calcium/calmodulin-dependent phosphatase
calcineurin (reviewed by Schreiber and Crabtree, 1992).
Although NF-AT was described initially as an inducible
T cell-specific DNA-binding protein that is required for
interleukin-2 (IL-2) gene expression, recent studies have
shown that NF-AT is also activated upon BCR cross-
linking (Choi et al, 1994; Venkataramaet al, 1994),
suggesting it to be a more general nuclear factor.

IP;R is a C&" channel localized on the endoplasmic
reticulum (ER) membrane. Electron microscopic observ-
ations (Chadwiclet al, 1990; Maedeet al, 1990), cross-
linking data (Maedaet al, 1991) and sucrose gradient

cascade of signal transduction events in which cytoplasmic centrifiguration experiments have demonstrated thsR4P
protein tyrosine kinase (PTK) activation is the earliest form tetramers (Mignergt al, 1989). To date, three types

known event. At least three types of cytoplasmic PTKs,

Src-PTK, Syk and Btk, are responsible for the initiation
of BCR-induced signals (Pleimaat al,, 1994; Weiss and

of IP3R, derived from three distinct genes, have been
discriminated (Furuichét al,, 1989; Migneryet al., 1990;
Sidohf et al, 1991; Rosst al, 1992; Yoshikaweet al,,

Littman, 1994; Bolen, 1995; DeFranco, 1995). These 1992; Blondelet al, 1993; Kumeet al, 1993; Maranto,
intracellular signaling events are coordinated to lead to a 1994). These three types of ;R are co-expressed in a
variety of biological responses, depending on the develop- variety of hematopoietic cells and lymphocyte cell lines

mental stage of B cells (Rajewsky, 1996). Mature B

lymphocytes undergo proliferation and antibody produc-
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(Sugiyamaet al, 1994; Yamamoto-Hincet al, 1994).
Analyses of the three typegPOfc[PNA sequences
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have shown overall structural organization in three basic
domains: an amino-terminal 4®inding domain, a
carboxy-terminal C& channel domain and a linking

Function of IP3 receptors in BCR signaling

hygromycin resistance gene cassette replacing the chicken

genomic sequence, which contains exons corresponding
to the channel region. Similarly, disruption of the type 2

domain containing sites for regulatory processes. Type 2 or type 3 IRR locus was carried out (Figure 1B and C).

IPsR has significant homology with the type 1;HP(total
69%), especially in the Krbinding and C&" channel

domains. Type 3 shares 64% overall amino acid homology

with type 1 IBR (reviewed by Furuichét al, 1994). The
channel domain is sufficient for assembly of the subunits
to yield the tetrameric organization of the;HP (Mignery
and Suohf, 1990; Miyawakiet al, 1991). Since this
domain is well conserved among members ofRE, the
possibility of the formation of heterotetramers has been
proposed (Monkawat al., 1995).

Recent antisense studies have shown functional distinc-

tions between type 1 and type 3385 in T cells.
Transfection with type 3 IR antisense constructs, but

To disrupt both type 1 and type 2RPloci, we transfected
type 2 IRR targeting constructs containing puromycin
and blasticidin resistance gene cassettes intgRype 1 IP
deficient DT40 cells. Furthermore, type 3;RPtargeting
constructs containing bleomycin and mycophenolic acid
resistance gene cassettes were transfected sequentially into
type l/type 2 double-deficient cells to isolate tripje-1P
deficient DT40 cells (Figure 1). Homologous recombin-

ation events were screened by Southern blot analysis using

the probes shown in Figure 1, and at least two independent
clones were identified. Each targeting vector was incorpor-

ated as a single copy, as revealed by Southern analysis
using probes of each drug resistance cassette. To verify

not type 1 antisense, prevented dexamethasone-inducedhull mutations, Northern blot analyses using specific

increases in [C&];, leading to blockade of apoptosis
(Khanet al, 1996). Together with the evidence that only
type 3 IRR is augmentally localized on the plasma

probes of each type ¢R Iene were carried out. As
shown in Figure 2A, mutant cells failed to express RNA
of the corresponding type #islPThe level of cell

membrane upon dexamethasone treatment, these dataurface expression of BCR on various;RPdeficient

provide the possibility that type 3 iR specifically
participates in C& entry through the plasma membrane,
leading to apoptosis. In contrast to this report, Jurkat T

clones was essentially the same as that of parental DT40
cells (Figure 2B).

cells in which type 1 antisense constructs were expressedlPs;Rs are utilized redundantly for BCR- and

failed to show increased [€&]; and produce IL-2 after
T-cell antigen receptor (TCR) stimulation, showing the
importance of type 1 fR (Jayaramaet al., 1995). Thus,
an exact functional dissection amongRPsubtypes still

muscarinic M1 receptor-induced calcium
mobilization
Stimulation of the BCR induced a rapid [€§; increase
in wild-type DT40 cells. EGTA incubation reduced the

remains elusive. Moreover, since a sphingosine kinasepeak height of this [C&]; increase ~2-fold (data not

pathway rather than the {pathway through PLC activ-
ation has been demonstrated to mediateRrénduced
Ca&* mobilization in mast cells (Chaét al, 1996), it is
not completely clear whether the BCR-induced calcium
mobilization is dependent on theR(s).

To test directly the functional roles of each ;R
we established mutant B-cell lines that lack various
combinations of the three types of;® Here we show
that BCR-induced calcium mobilization is only abrogated
in B cells lacking all three types of R, demonstrating
the functional redundancy among thesgRPE. Similarly,
calcium mobilization by a transfected G protein-coupled
receptor was abolished only in triple-deficient cells,
indicating that both receptors utilize #Rs for calcium
mobilization. In contrast, capacitative €aentry, stimu-
lated by thapsigargin (TG), remained intact even in the
triple-deficient cells. Moreover, BCR-induced apoptosis
was significantly inhibited by the loss of all three types
of IP3R. Since this apoptosis is abolished completely in
PLC-2-deficient mutant B cells, this result suggests that
both the calcium and PKC pathway are required for BCR-
induced apoptosis.

Results

Targeted disruption of IP;Rs

As seen in Figure 2A, RNA blot analysis revealed that
type 1, type 2 and type 3 jRs were all expressed in the
DT40 B-cell line. For disruption of the type 1 4R locus,
mutations of the two type 1 YR alleles were introduced
into DT40 cells by sequential homologous recombinations
(Figure 1A). The targeting vectors contain a histidinol or

shown), suggesting that some fraction of thé"JjCa
increase is derived from intracellular pools. DT40 cells
lacking only type 1, type 2 or type 3;#% exhibited a
[Ca®™]; increase. In contrast to these singlgRRieficient
cells, no increase in [€4; was detected in DT40 cells
lacking all three types of BR (Figure 3). IR production
of these deficient DT40 cells upon BCR stimulation was
essentially the same as that of wild-type cells (Figure 4).
These results provide direct evidence JfRat die
essential for BCR-induced calcium mobilization from
intracellular pools as well as calcium influx, and suggest
that the three types of R participate in BCR-induced
calcium mobilization in a redundant manner. DT40 cells
lacking both type 1 and type 2 4Rs still showed calcium
mobilization upon BCR cross-linking, although the ampli-
tude of the BCR-induced [C4]; increase was decreased
reproducibly ~2-fold compared with wild-type cells
(Figure 3). The peak height of this calcium mobilization
was also inhibited ~2-fold by treatment with EGTA (data
not shown), suggesting that the C§ increase is derived
from both release from intracellular pools and influx from
the extracellular environment. Since these double-deficient
B cells express type 3 iRs, these data indicate that the
type 3 IRR is capable of inducing a [€4]; increase in
the absence of type 1 and type ZR8. On the contrary,
as shown above, the absence of only type jRIBid not
affect the BCR-induced calcium mobilization, further
supporting the functional redundancy among the three
types of IER.
To address whether a G protein-coupled receptor utilizes
sRIFor mobilizing calcium, we transfected the M1
muscarinic receptor into wild-type and various;RR?
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Fig. 1. Targeted mutation of the §R genes. Targeted mutation of typeA)(type 2 B) and type 3 C) IPzR genes. Southern blotting of various
mutant clones (left side) and the expected structure of the disrupted alleles (right side) are shown. Genomic DNAs were prepared, di§ested with
(type 1),Xbd (type 2) andEcaRl (type 3), and hybridized with each-8Banking probe. Although the type 2 4R wild-type allele and théisD-

targeted allele showed the same size 4.5 kb ban®t® digestion (lane 3 in B), we confirmed that this 4.5 kb was derived from the targeted allele
by genomic Southern blotting witBcaR| digestion. The restriction endonuclease cleavage sites are abbreviated &aBHI; Bg = Bqglll;

E = EcdRl; K = Kpnl; P = Pst; S = Sad; X = Xbal.

deficient cells. Transformants showing similafH]- in Figure 3, the carbachol-induced increase inQawas
quinuclidinyl benzilate HJQNB) binding in various still observed in DT40 cells deficient in only one type of
IP;R-deficient cells were isolated and characterized. The 3R I type 1/type 2 double-deficient cells, whereas this
M1 muscarinic receptor is known to evoke;lgeneration calcium mobilization could not be detected in triple-
through G protein-coupled PL@-activation by agonist deficient DT40 cells. Similarly to the BCR-induced cal-
stimulation (Berridge, 1993). Indeed, these transformants cium mobilization in type 1/type 2 double-deficient cells,
showed IR production upon stimulation of the muscarinic the amplitude of the carbachol-inducéd][@Gerease
receptor agonist, carbachol (data not shown). As shownwas ~3-fold lower than that of wild-type cells. Since the
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Fig. 2. RNA expression analysis of variouss® mutant DT40 cells

(A) and BCR expression on various mutarj.(RNA (20 pg) was
separated in a 1.2% formaldehyde gel, blotted and probed wifR IP
type-specific probes (similar size). The periods of exposure for the
autoradiographs were 14 (type 15, 100 (type 2 IBR) and 150 h
(type 3 IRR). The positions of the origin and 28S are shown in (A).
DT40 cells were stained with FITC-conjugated anti-chicken IgM Ab
in (B). Unstained cells were used as negative controls (dotted lines).

level of cell surface expression of M1 on the double-
deficient cells was the same as that of wild-type cells, this
low amplitude of [C&"]; was not due to the expression
level of M1. These results suggest that the BCR and M1
muscarinic receptor utilize similar mechanisms to mobilize
calcium after production of I

Thapsigargin-induced Ca?* influx is not affected

by loss of the three types of IP;R

To determine whether HR(s) in B cells participates
directly in calcium influx, we used thapsigargin (TG) to
deplete calcium from intracellular stores. TG is an inhibitor
of the ER C&"-ATPase. By blocking Ca uptake, TG
unmasks a constitutive leak of €afrom the ER and
thereby depletes intracellular stores (Guetyal, 1990;
Thastrupet al,, 1990; Lyttonet al, 1991; Masoret al,
1991). C&" store depletion is known to trigger &€a
influx through plasma membrane €achannels by a
process referred to a capacitative?Caentry (Berridge,
1993; Putney and Bird, 1993). Similarly to wild-type
DT40 cells, treatment of cells lacking various combinations
of IPsR with TG resulted in a sustained increase in{Qa
(Figure 3). Using wild-type and triple-deficient DT40
cells, we further examined the characteristics of'Ca

Function of IP3 receptors in BCR signaling

influx after C&" readdition to C& -depleted cells. In
these experiments, the €astores were first maximally
depleted by adding TG to cells in the absence of extracellu-
lar C&*. In both wild-type and mutant cells, subsequent
addition of media containing 2 mM €a evoked a
substantial [C&"]; increase due to influx through deple-
tion-activated C& channels in the plasma membrane
(Figure 5). These results show thagi® are not involved

in TG-induced capacitative €& entry.

NF-AT activity is defective in DT40 cells lacking all
three types of IP;R

DT40 cells lacking all three WRs have allowed us to
dissect the PKC and €& pathways in BCR signaling.
For this purpose, we first sought to confirm whether PKC
activation is still intact in DT40 cells lacking all three
types of IRR. Since MARCKS protein is well known to
be a physiological substrate of PKC (Aderem, 1992),
we measured induction of phosphorylation of MARCKS
protein upon BCR stimulation. As expected, wild-type
DT40 cells exhibited ~3-fold stimulation of phosphoryl-
ation of MARCKS protein, whereas this stimulation was
abolished completely in DT40 cells deficient in Ph2-
(Takataet al., 1995). In cells lacking all three types of;i®,
this induction was still observed (Figure 6), indicating that
DAG, not C&" through IRRs, is critical for PKC activ-
ation upon BCR cross-linking.

Some transcription factors such as NF-AT are reported
to be induced after BCR stimulation (Chet al, 1994;
Venkataramanet al, 1994). To determine the effects
of Ca&" on NF-AT under physiological conditions, we
transfected a reporter gene containing NF-AT-binding sites
and the luciferase gene into mutant cells. Whereas NF-
AT-directed transcription was readily apparent in wild-
type DT40 cells upon BCR ligation, it was undetectable
in PLC~2-deficient cells (Takatat al, 1995). In cells
deficient in all three types of YR, NF-AT-dependent
transcription was abrogated (Figure 7). The BCR-induced
NF-AT activity was observed in type 1l/type 2 double-
deficient DT40 cells, although the extent of stimulation

was two-thirds of that in wild-type cells. These results
indicate that the BCR-induced increase in {Ca is
essential for NF-AT activity.

Ca?* is required for BCR-induced apoptosis
We have shown previously that BCR-induced apoptosis
is almost completely abolished in PLy2-deficient DT40
cells (Takataet al, 1995), suggesting that the PKC
pathway and/or Ca pathway are required for apoptosis.
Thus, to clarify the involvement of thé gathway in
BCR-induced apoptosis, we used DT40 cells lacking
various combinations of ;. Treatment of wild-type
DT40 cells with monoclonal antibody (mAb) M4 resulted
in a drastic increase in the percentage of apoptotic cells, as
assessed by propidium iodide staining and flow cytometric
analysis, whereas in PLg2-deficient cells apoptosis was
almost completely abolished (Figure 8).;RRdeficient
cells exhibited a reduction in apoptosis which was inter-
mediate; double-deficient cells exhibited an ~1.5-fold
reduction, and cells lacking all three typesRof IP
exhibited an ~2.5-fold reduction in BCR-induced
apoptosis. This inhibition was restored by addition of
ionomycin to M4 stimulation (data not shown). These
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Fig. 3. BCR-induced and muscarinic M1-induced calcium mobilization in various combinations of disruptions insfhgdRes. Various mutant
cells were stimulated with anti-BCR mAb M4 (&y/ml), carbachol (50QuM) and thapsigargin (M) (added at the arrow).

results show that both PKC activation and calcium mobiliz-
ation are required for BCR-induced apoptosis. Because
the BCR-induced apoptosis was not affected by loss of
only one type of IRR (data not shown), and double-
deficient cells showed the intermediate level of apoptosis
between wild-type and triple-deficient cells, this calcium
requirement for apoptosis appears to be dependent on the
[C&*]; level upon BCR stimulation.
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Discussion

Stimulation (fold)
=

Cells have at least two intracellular channels for regulating
calcium release from internal stores; ryanodine receptors
(Berridge, 1993; Clapham, 1995), first discovered in
muscle but now known to exist in other cell types including 0
lymphocytes (Hakamatat al, 1994), and IERs. In wt I - nmr- I e
addition, it was proposgd recently t-hat sphingos_ine-l- Fig. 4. BCR-induced IR generation of various BR mutant DT40
phosphate mediates #Rl-induced calcium mobilization, cellls. bells were stimulated with anti-BCR mAb M4 (@&/ml). After

presumably through its receptor (Chedial, 1996). Thus, 10 or 20 min of stimulation, soluble inositol phosphates were extracted
it is not clear which intracellular channel system is and separated by AG 1-X8 ion exchange columns.
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Fig. 5. Thapsigargin (TG)-induced calcium entry was intact in DT40 cells lacking all three typesRf Itracellular CA" release and Ga influx
were measured in TG-stimulated wild-type and mutant cells. After washing of cells with-ie Ringer’s, 1.5uM TG was used to deplete the

ca&* stores, followed by addition of 2 mM €a.

principally involved in BCR-induced calcium mobiliz-
ation.

Here we have used mutant DT40 cells deficient in
various combinations of HRs to address this issue.

Analyses of these mutant cells established that the loss of

a single type of IER had no effect on BCR-induced
calcium mobilization, whereas the [€3; increase was
abolished completely in triple-deficient DT40 cells (Figure
3). These data provide direct evidence that th&I8ystem

is essential for the increase in [€% upon BCR cross-
linking and that the three different JRs can exhibit
functional redundancy in BCR signaling. The mutant cells
which exhibit a reduced [C&]; by virtue of expressing
only type 3 IRR represent an interesting case. A number
of possibilities may account for the diminution in [€%
exhibited by loss of type 1 and type 2. This may
reflect lower abundance of type 3R compared with
other types of receptors in DT40 cells. This hypothesis

may be supported by the reduced band intensity seen in

Northern analysis (Figure 2A), where the level of type 3
transcript was ~20- and ~5-fold lower than type 1 and
type 2, respectively. Another possibility is that type 3
IP;R may have lower functional activity, such ass1P
binding activity or channel activity, compared with other
types of IRR. It is also possible that heterotetramers
among IRRs (Mignery and Sdhof, 1990; Miyawaket al.,
1991; Monkaweet al, 1995), for instance between type
1 and type 3, are required for full functional activity.
Neverthless, our results clearly indicate that the type 3
IP;R alone, to a certain extent, is able to mobilize calcium
from both inside and outside the cells in response to BCR
stimulation.

Previous studies have shown that Jurkat T cells, which
like DT40 cells express all three types ogRP(Sugiyama
et al, 1994), fail to exhibit an increase in [€d; after
TCR stimulation when type 1 antisense constructs are
expressed (Jayaramast al, 1995). These data are in
contrast to our results; however, as Jayarmenal.

wt PLC-2"  VIVIT
0 310 0 3 10 0 3 10 (min)
. s = h

Phosphorylation of MARCKS

BEE Hus =e=)

Anti-MARCKS Western

Fig. 6. PKC activation in wild-type, PLGR- and all three types of
IP3R-deficient DT40 cells. Cells were labeled with

[32P]orthophosphate, stimulated with mAb M4 @&/ml) and
immunoprecipitated by anti-MARCKS antibody. Immunoprecipitates
were electrophoresed on an 8% SDS—PAGE gel and autoradiographed.
Half of the immunoprecipitates were used for Western blotting (lower
panel).

and BCR is a most intriguing possibility, and deserves

further study.

In DT40 celld;” @aobilization can be activated by
either of two cell surface receptors: the endogenous BCR,
signaling through PL§2 activated by Syk and Btk
(Takataet al, 1994; Takata and Kurosaki, 1996), or the
stably transfected M1 muscarinic receptor that signals
throuch a G protein-regulated PL@B-(Berridge, 1993).

The biochemical signaling through these two receptors is

quite dissimilar, but both lead to the production of; IP
and result in calcium mobilization. Compared with the

mentioned in their report, the antisense construct used inBCR-induced increase of [€4];, carbachol-induced cal-

their studies may also cross-react with type 2RRand
weakly with type 3 IBR, thereby potentially leading to
an inhibition of all three types of YR. It is also possible

ciumrelease is substantially rapid (Figure 3). This probably
reflects the rapid kinetics of the G protein-linked signaling
cascade that couples the M1 receptortpriRiuction.

that the Jurkat cells transfected with antisense constructsM1-induced calcium mobilization was eliminated com-

lose type 2 and type 3 §Rs during drug selection.
Obviously, the distinct usage of 4R subtypes by TCR

pletely only in tripleR-deficient DT40 cells, and loss
of both type 1 and type 2 YRs significantly inhibited
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the [C&']; increase upon carbachol stimulation. These
calcium mobilization profiles induced by stimulation of

cium mobilization. Since befl Bond BCR transmit
their signals through similar biochemical mechanisms,

the stably transfected M1 receptor in various DT40 mutant such as through PTKs, Lyn and Syk (Kurosadi al,
cells show noteworthy similarities to those induced upon 1994; Takatat al., 1994; Scharenbergt al., 1995), these
BCR cross-linking, suggesting that both receptors utilize data might raise guestions regarding our conclusion that
similar mechanisms to mobilize calcium after production both the BCR and M1 receptor utilize the;lPathway in

of IPa.

It has been proposed that gRi-coupled calcium

mobilization is mediated by a sphingosine kinase (SK)

pathway rather than the {pathway (Choiet al,, 1996).
In the rat mast cell line RBL-2H3, in contrast toslP

production upon stimulation of a transfected M1 receptor,

FceRI-mediated IR production is substantially less.

Instead, stimulation of FfRkl produces sphingosine-1-
phosphate through SK activation, thereby leading to cal-

120

1007

807

607

NF-AT Activity (fold)

and methods. Twenty four hours following elcectroporation, cells were
divided and treated in the absence or presence of anti-BCR mAb (M4,

wt

Hl no stimulation
Anti-BCR stimulation

/I I/ PLC-y2”

Fig. 7. NF-AT activity in various mutant cells. Cells transfected with
the NF-AT luciferase gene were analyzed as described in Materials

3 pg/ml). Transfection efficiency was normalized using pRL-CMV.
The experiment shown is representative of three independent trials.

Number of Nuclei

Ab

29 %

[ PLCy2~

DT40 cells. However, in DT40 cells, stimulation of BCR
evoked the same or a higher level oflfroduction than
stimulation of the M1 receptor (data not shown). Thus, a
simple explanation is that since the level of; IBpon
FceRI stimulation is not sufficient to activate JRs, a
back-up mechanism through the SK pathway might operate
in mast cells. Such a redundant back-up mechnism already
has been shown between ryanodine and i&ceptor
systems. Ryanodine andslReceptors, through binding of
cyclic ADP-ribose (CADPR) (Galionet al,, 1991, 1993a;
MésZzaos et al, 1993) and IR respectively, contribute to
the fertilization calcium wave in sea urchin eggs. Inhibition
of either pathway had no effect, but the fertilization wave
was abolished when both messengers were knocked out
(Galione et al, 1993b; Leeet al, 1993). The cADPR
seems to be much more restricted to certain cell types than
is IP;. Similarly, the messenger function of shingosine-1-
phosphate may be more restricted to certain cell types.
For instance, mast cells might utilize both thes-IRnd
sphingosine-1-phosphate-dependent pathways, whereas
only the IR-dependent pathway is available in B cells.
Other potential explanations for the signaling differences
between the BCR and ERI may exist, such as the
inability of B cells to produce sphingosine-1-phosphate
via activation of SK, despite similar biochemical signal
transduction mechanisms for both receptors.

Rapid calcium mobilization following BCR stimulation
comprises two phases: the initial phase consists of a
transient release of calcium from intracellular stores and
is followed by a sustained calcium influx caused by the
opening of the calcium channel present in the plasma
membrane. Our current data support the capacitative model

[y

Log Fluorescence Intensity

Fig. 8. Induction of apoptosis in various mutant DT40 cells. Cells were cultured wijhof without (=) mAb M4 (10ug/ml, 24 h), treated in
hypotonic DNA staining solution containing §@/ml propidium iodide and subjected to analysis by FACScan.
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for C&* entry in which C&" influx across the plasma
membrane is coupled to depletion of intracellular’Ca
stores (Putney and Bird, 1993; Berridge, 1995; Clapham,
1995). The mechanism by which the depletion of
intracellular C&" stores leads to plasma membranéCa

influx has not been clearly established. It has been sug-

gested that a conformational change in thgRIFinduced

by emptying of the ER G4 pool, may lead to the opening
of a plasma membrane €achannel (Berridge, 1995).
Assuming that the TG-induced €achannel corresponds
exactly to this channel, our data show that capacitative
C&" entry is still intact in cells lacking all three types of
IPsR (Figure 5) and argue against a role for the type 1,
type 2 and type 3 IfRs in communicating between the

ER and the plasma membrane channel as proposed in th

conformational coupling hypothesis. A large variety of

Function of IP3 receptors in BCR signaling

was suppressed significantly in triglRe-treficient DT40

cells. However, in contrast to the almost complete inhibi-
tion of apoptosis inyRd€ficient DT40 cells (Takata

et al, 1995), residual apoptosis remains in the triple-
deficient cells (Figure 8), suggesting that both the PKC
and the C&" pathway are required for this cell death.
Thus, B-cell lines lacking PLY2-and the three types of
IPsR will provide the tools to further our understanding

of the mechanisms by which BCR-induced apoptosis is
regulated through PKC and &a

Materials and methods

Cells, expression vectors and antisera

®T40 cells were cultured in RPMI 1640 supplemented with 10% fetal

calf serum (FCS), penicillin, streptomycin and glutamine. To construct

mediators between the ER and the plasma membranechicken expression vector pAneo, Hindlll-Clal 0.7 kb fragment

channel have been proposed, including a novel diffusible
messenger (Parekdt al, 1993; Randrimampita and Tsien,
1993) and small GTP-binding proteins (Bird and Putney,
1993; Fasolatet al., 1993). The present data indicate that
IP3Rs are not the target for such mediators.

The involvement of type 3 YR, not type 1, in C&
entry has been proposed, based on the data on the inhibitio
of dexamethasone-induced calcium mobilization using
antisense approaches (Khanal, 1996). Since our data
show normal BCR-induced calcium mobilization in type
3 I1P;R-deficient DT40 cells (Figure 3), the general involve-
ment of type 3 IR in calcium influx seems to be unlikely.
However, our data do not exclude the possibility that the
type 3 IRR participates in specifically dexamethasone-
induced calcium entry.

Recent studies show that a factor, indistinguishable
from T-cell NF-AT, is induced in B cells in response to
BCR signaling (Choiet al,, 1994; Venkataramaet al,
1994). Similarly to the requirement for both PKC andCa
for NF-AT activity in T cells, it has been demonstrated that
in normal B cells the NF-AT activity is induced in response
to the combined action of phorbol ester and ionomycin,
but not in response to either reagent alone. Our triple
IP;R-deficient DT40 cells have allowed us to dissect the
requirement of PKC and €& for induction of NF-AT
activity using a genetic rather than a pharmacological

containing the puromycin resistance gene was replaced witmalll—

lal 1.2 kb fragment containing the neomycin resistance gene from the
pBabeNeo vector (Morgenstern and Land, 1990). Murine MARCKS
cDNA (Seykoraet al,, 1991) and porcine muscarinic M1 receptor cDNA
(Kubo et al,, 1986) were cloned into the pApuro (Takatal, 1994)
and the pAneo vectors. These cDNAs were transfected by electroporation
using Gene pulser apparatus (Bio-Rad Laboratories) at 550 WR25
and selected in the presence of either 0g8ml puromycin or 2 mg/ml

Ga1s. Expression of transfected cDNA was confirmed by Western blot

analysis (MARCKS) or binding assay (M1 muscarinic receptor). Anti-
chicken IgM mAb M4 and antisera against the murine MARCKS were
described previously (Cheet al, 1982; Seykoraet al,, 1991).

Generation of IP3R-deficient DT40 cells
The chicken spleen cDNA and genomic DNA libraries were obtained
from Clontech. The chicken cDNA library was screened by the mouse
type 1 IR cDNA (kindly provided by Drs Furuichi and Mikoshiba)
(Furuichi et al, 1989) under low stringency condition. Several chicken
cDNA clones were sequenced to confirm the identification of type 1,
type 2 and type 3 chicken 4R genes. To isolate chicken genomic clones
of type 1, type 2 and type 3 iR genes, the chicken genomic
library was screened by each type-specific chicken cDNA probe. After
subcloning the genomic clones of chicken type 1, type 2 and type 3
IP3R genes, the targeting constructs were made.hi$i@, hygro, ecogpt
andbsr cassettes for these constructs were described previously (Hartman
and Mulligan, 1988; Takedat al, 1992; Takata and Kurosaki, 1996).
The drug resistance genes fouro andbleo cassettes were derived from
pBabePuro and pBabeBleo (Morgenstern and Land, 1990), respectively.
The targeting vectors of the type 13 gene were constructed by
replacing the genomic sequence, which contains exons corresponding to
amino acid residues 2531-2630 of human type sRIfHarnicket al,
1995), with ahisD or hygro cassette (plfR type 1-hisD or -hygro,

approach. As expected, these triple-deficient B cells were respectively). The upstream 1.5 kb genomic sequence was generated by

still able to induce PKC activity, as assessed by phos-
phorylation of MARCK protein (Figure 6), whereas NF-AT
activity was abrogated completely in the triplesRR?
deficient DT40 cells (Figure 7). This further strengthens
the notion that C& is essential for NF-AT activity upon
BCR stimulation. This CH effect is presumably through

PCR using the type 1 genomic clone as a template and the downstream
sequence was derived from a 3.0 8ad-Sad genomic fragment. The
targeting vectors of the type 2 4R gene were constructed by replacing
the 2.9 kb genomic sequence, which contains exons corresponding to
amino acid residues 2415-2469 of human type sRIPYamamoto-Hino

et al, 1994), with ahisD, hygro, bsr or puro cassette (plgR type 2
-hisD, -hygro, -bsr or -puro, respectively). The upstream 2.3 kb genomic

the action of calcium/calmodulin-dependent phosphataseSeduence was generated by PCR using the type 2 genomic clone as a

calcineurin, since suppression of BCR-induced NF-AT
activity by cyclosporin has been demonstrated previously
(Choi et al,, 1994; Venkataramaat al,, 1994).

Most self-reactive immature B cells are eliminated
during development by negative selection (clonal deletion)
to establish immunological self-tolerance. This process of
clonal deletion is thought to be mediated by apoptosis
(Schwartz, 1989; Goodnow, 1992; Nossal, 1994). Many

template and the downstream sequence was derived from a B5tkb
EcaRI genomic fragment. The targeting vectors of the type s§RIBene
were constructed by replacing the 0.8 kb genomic sequence, which
contains exons corresponding to amino acid residues 2191-2217 of
human type 3 IER (Yamamoto-Hincet al., 1994), with ahisD, bleoor
ecogptcassette (pl§R type 3-hisD, -bleo or -ecogpt, respectively). The
upstream genomic sequence was derived frotdpal-EcoRl 3.4 kb
fragment and the downstream 2.4 kb genomic sequence was generated
by PCR using the type 3 genomic clone as a template.

The targeting vectors were linearized and transfected into DT40 cells

of the signaling processes during apoptosis of B cells have by electroporation (550 V, 2fF). After isolation of several clones in

been studied using transformed B-cell lines (Rothstein,
1996). When stimulated with anti-BCR antibodies, DT40
B cells undergo apoptosis. This BCR-induced apoptosis

the presence of various drugs (1 mg/ml histidinol, 2 mg/ml hygromycin,
50 pg/ml blasticidin S, 0.5ug/ml puromycin, 0.3 mg/ml phleomycin

and 30pg/ml mycophenolic acid), genomic DNAs were prepared and
analyzed by Southern blot analysis. For isolation of single disruptions
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of each IRR gene, two targeting constructs were transfected sequentially
into wild-type DT40 cells (pIER type 1-hisD and -hygro for disruption

of the type 1 IBR gene, pIBR type 2-hisD and -hygro for disruption

of the type 2 IBR gene, and pl§R type 3-hisD and -bleo for disruption

of the type 3 IBR gene).

For isolation of type 1/type 2 double-deficient cells, §RRype 2-bsr
and -puro were transfected sequentially into type jRHeeficient cells.

For isolation of triple-deficient cells, ptR type 3-bleo and -ecogpt
were transfected sequentially into the type 1/type 2 double-deficient
DT40 cells.

Cell surface expression of BCR was analyzed by FACScan using
FITC-labeled anti-chicken IgM. A single clone of each targeted mutant
was analyzed extensively, although some critical experiments were
carried out using at least two different clones.

Northern blot analysis

RNA was prepared from wild-type and mutant DT40 cells using the
guanidium thiocyanate method. Total RNA (R@) was separated in a
1.2% formaldehyde gel, transferred to Hybond-N membrane (Amersham)
and probed witl¥?P-labeled cDNAs. Probes used were cDNA fragments
specific for each type of chicken 4R gene and the chickef-actin
gene (Kostet al., 1983).

Calcium analysis

Measurements of intracellular free calcium levels were performed with
fura-2/AM. Cells (5<10%/ml) were washed once and loaded withu®8!
fura-2/AM in phosphate-buffered saline (PBS) containing 20 mM HEPES
(pH 7.2), 5 mM glucose, 0.025% bovine serum albumin (BSA) and
1 mM CaC). After 45 min of incubation at 37°C, cells were washed
twice and diluted to 19cells/ml with the same buffer. Fluorescenece of

Binding assay for M1 muscarinic receptor expression

Transfected clones were assayed for expression of muscarinic receptor
essentially as described (Goldsenitd., 1989). Briefly, intact cells

(10° cells/sample) were incubated for 90 min with the muscarinic receptor
antagonist]QNB (100 pM, 47 Ci/mmol, Amersham). All incubations

were performed in duplicate, and background binding activity was
determined in the presence of |1l atropine. Then cells were

collected on a Whatman GF/B membrane, washed extensively and

bound radioactivity was determined by liquid scintillation counting. For

carbachol-induced calcium mobilization experiments, at least three

independent clones with a similar expression level of M1 muscarinic

receptor on each type of 4R-deficient DT40 mutant cell were
examined.

NF-AT activity

Twenty four hours after transfection with 20y of NF-AT luciferase

and 2 ug of pRL-CMV (Promega), 21C° transfected cells were
aliquoted into a 96-well plate and cultured in a final volume of 100

of RPMI 1640 medium. Cells were unstimulated or stimulatedgan|

mAb M4) at 37°C in the growth medium. After 5 h stimulation, cells
were lysed and luciferase activity was quantitated with Lumat LB 9501
(Berthold Japan) using the Dual-Luciferase™ Assay System (Promega).
Luciferase activity was determined in triplicate for each experimental con-
dition.

Flow cytometric analysis for apoptosis

For DNA content analysis, stimulated or unstimulated cells ¥a)
were pelleted and resuspended in 0.7 ml of hypotonic DNA staining
solution (50ug/ml propidium iodide, 0.1% sodium citrate, 0.1% Triton
X-100). Samples were kept at 4°C for 3 h, and subjected to analysis by

the stirred cell suspension was monitored continuously with a fluores- Facscan (Becton Dickinson). Debris and doublets were excluded by
cence spectrophotometer Hitachi F-2000 at an excitation wavelength of gppropriate gating.

340 nm and an emission wavelength of 510 nm.Z[Gawas calibrated
and computed as described (Grynkiewietz al, 1985). Using two
independent clones from eachyRRdeficient mutant, calcium measure-
ments were carried out three times for each clone (total 6). In the
case of typel/type2 double-deficient cells, three different clones were
used for this analysis (total = 9). To chelate extracellular calcium,

3 mM EGTA was added for 1 min before stimulation.

Phosphoinositide analysis

Cells (16/ml) were labeled with myo3H]inositol (10 pCi/ml,
Amersham) for 6 h in inositol-free RPMI 1640 supplemented with 10%
dialyzed FCS. The cells ¢510°ml) were pre-equilibrated at 37°C and
stimulated sequentially with mAb M4 in the presence of 10 mM LiClI.
The soluble inositol phosphate was extracted with trichloroacetic acid
(TCA) and applied to 1 ml of AG 1-X8 (formate form) ion exchange
columns (Bio-Rad) pre-equilibrated with 0.1 M formic acid. After
loading the samples, columns were washed with 10 ml gD Fand

10 ml of 60 mM ammonium formate-5 mM sodium tetraborate, and
elution was performed with increasing concentrations of ammonium
formate (0.1-0.7 M) (Berridget al., 1983).

In vivo labeling and immunoprecipitation

Wild-type, PLCy2- (Takataet al, 1995) and type 1/type 2/type 3 triple-
deficient cells expressing murine MARCKS>(107) were resuspended

in 1 ml of phosphate-free RPMI 1640 supplemented with 10% dialyzed
FCS. After 1 hincubation, cells were labeled with 1.0 mCi8P]ortho-
phosphate for 3 h at 37°C and washed twice in the same buffer. After
mAb M4 stimulation (2pg/ml), cells were chilled on ice for 30 min,
and solubilized in NP-40 lysis buffer (1% NP-40, 150 mM NacCl, 20 mM
Tris, pH 7.5, 1 mM EDTA) containing 50 mM NaF, &M molybdate,

0.2 mM vanadate supplemented with protease inhibitors [1 mM phenyl-
methylsulfonyl fluoride (PMSF), 0.5 mM benzamidine hydrochloride,
10 pg/ml chymostatin, 0.1 mM TLCK, 0.1 mM TPCK, 1@g/ml
leupeptin, 10ug/ml antipain, 10ug/ml calpastatin | and 1Qug/mi
pepstatin]. Insoluble material was removed by centrifugation at 13j000
for 15 min. Cell lysates were incubated sequentially (1 h, 4°C for each
incubation) with anti-MARCKS antibody and protein A—Sepharose. The
immunoprecipitates were washed four times with lysis buffer and samples

were separated in an 8% SDS-PAGE gel. Phosphorylation of transfected
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